2 ) is widely used as a surrogate measure of adiposity, it is a measure of excess weight, rather than excess body fat, relative to height. We examined the relation of BMI to levels of fat mass and fat-free mass among healthy 5-to 18-y-olds. METHODS AND PROCEDURES: Dual-energy X-ray absorptiometry was used to measure fat and fat-free mass among 1196 subjects. These measures were standardized for height by calculating the fat mass index (FMI, fat mass/ht 2 ) and the fat-free mass index (FFMI, fat-free mass/ht 2 ). RESULTS: The variability in FFMI was about 50% of that in FMI, and the accuracy of BMI as a measure of adiposity varied greatly according to the degree of fatness. Among children with a BMI-for-age Z85th P, BMI levels were strongly associated with FMI (r ¼ 0.85-0.96 across sex-age categories). In contrast, among children with a BMI-for-age o50th P, levels of BMI were more strongly associated with FFMI (r ¼ 0.56-0.83) than with FMI (r ¼ 0.22-0.65). The relation of BMI to fat mass was markedly nonlinear, and substantial differences in fat mass were seen only at BMI levels Z85th P. DISCUSSION: BMI levels among children should be interpreted with caution. Although a high BMI-for-age is a good indicator of excess fat mass, BMI differences among thinner children can be largely due to fat-free mass.
Introduction
The prevalence of overweight among children and adolescents in the US is about three-fold higher than in the 1960s, with 15% of schoolchildren now classified as overweight. 1 Although the body mass index (BMI, kg/m 2 ) is widely used as a surrogate measure of adiposity, it is a measure of excess weight relative to height, rather than excess body fat. The interpretation of BMI among children and adolescents is further complicated by the changes that occur in weight, height, and body composition during growth. 2, 3 Several studies have examined the relation of BMI to body fatness as determined by dual-energy X-ray absorptiometry (DXA), densitometry, and other laboratory methods. BMI levels among adults are highly correlated with %body fat, and in combination with race, sex, and age, multiple R 2 -values of 0.7-0.8 have been reported. [4] [5] [6] [7] Associations among children and adolescents have been more variable, [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] and relatively weak correlations (ro0.6) have been reported in several subgroups. 8, 10, 11, 13, 15, 21 These weaker associations among children and adolescents may be attributable to the asynchronous changes that occur in the levels of fat mass and fat-free mass during growth.
The purpose of the current study is to describe the relation of BMI to fat mass and fat-free mass among healthy 5-to 18-yolds. Because of the limitations in expressing body composition data as kilograms (eg, kg of fat-free mass) and as percentages (eg, %body fat), it has been suggested [22] [23] [24] that the fat mass index (FMI, kg of fat mass/ht 2 ) and the fat-free mass index (FFMI, kg of fat-free mass/ht 2 ) be used as indicators of nutritional status. [22] [23] [24] The current analyses use BMI, FMI, and FFMI, and because all are standardized for height 2 , the contribution of both fat mass and fat-free mass to BMI can be easily assessed.
Methods

Sample
Between 1995 and 2000, 1196 healthy volunteers (ages, 5-18 y) were recruited in the New York City area for the Pediatric Rosetta Body Composition Project through local newspaper notices, announcements at schools and activity centers, and by word of mouth. The Institutional Review Board of St Luke's-Roosevelt Hospital Center approved the study protocol, and consent was obtained from each volunteer's parent or guardian. When appropriate, assent was also obtained from each volunteer.
A questionnaire was used to establish ethnicity; the criterion was consistent ethnic background (white, black, Hispanic, or Asian) for both parents and all grandparents. Asian volunteers were of Chinese or Korean background, and Hispanic subjects were mostly of Dominican or Puerto Rican origin.
Anthropometry
Body weight was measured to the nearest 0.1 kg (Weight Tronix) and height to the nearest 0.5 cm using a stadiometer (Holtain) with subjects wearing a hospital gown and foam slippers. National US data were used to calculate sex-and age-specific percentiles (P) and Z-scores for weight, height, and BMI. 25, 26 These Z-scores and percentiles would therefore represent a child's BMI relative to the BMIs of American children between 1963 and 1994. As suggested, 27,28 childhood overweight is defined as a BMI Z95th P.
Dual-energy X-ray absorptiometry
Whole-body DXA scans were performed using Lunar models DPX, with pediatric software version 3.8G, and DPX-L, with pediatric software 1.5G (GE Lunar Corporation, Madison, WI, USA). 29 The scan mode was chosen according to the weight guidelines provided by the manufacturer, and each scan provided an estimate of %body fat. Among adults who had repeated scans in our laboratory, the coefficient of variation (CV) for %body fat was 3.3% and the intraclass correlation coefficient was 0.994. 30 An anthropomorphic spine phantom made up of calcium hydroxyapatite embedded in a Lucite block (17.5 Â 15 Â 17.5 cm) was scanned with both DXA instruments for quality control (1) each morning prior to subject evaluation, and (2) immediately before and after all DXA maintenance visits. The measured phantom bone mineral density was stable throughout the study period at 1. there were strong associations between %body fat and FMI (r ¼ 0.95), and between height and fat-free mass (r ¼ 0.81).
Statistical analyses
We focused on the relation of BMI-for-age to levels of FFMI and FMI. Descriptive analyses compared mean levels of these indices across race, sex, and age groups, and lowess (locally weighted scatterplot smoother), a robust smoothing technique, 31 was also used to examine these associations. We also compared mean levels of FMI and FFMI across BMI categories, and Pearson correlation coefficients were used to examine the relation of BMI to FMI and FFMI. Stratified analyses examined whether the relation of BMI to levels FMI and FFMI varied across categories of BMI.
We also examined the relation of BMI to height-adjusted levels of fat mass (kg) and fat-free mass (kg) in regression analyses; in addition to BMI and height, these models also included race and various interactions (product terms) with height as predictors. (Analyses that used FMI and FFMI as dependent variables, without the inclusion of height as a covariate, yielded very similar results.) To assess possible nonlinearity, BMI-for-age and height were modeled using restricted cubic splines, 32 which are more flexible than polynomials because a 'change' in the fit of one part of the curve does not influence the entire curve.
Results
Various characteristics of the children, by race, sex, and age, are shown in Table 1 . Despite the similar BMI levels of boys and girls, levels of fat mass and FMI were higher among girls, while FFMI levels were higher among boys. There were also differences across race/ethnicity groups, particularly among girls, with black and Hispanic children having a higher BMIfor-age than Asian and white children. However, while the relatively high BMI of Hispanic children was primarily due to high FMI levels, the high BMI of black children was largely due to levels of FFMI. Blacks had the highest mean FFMI in each sex-age group, and among 12-to 18-y-old boys, blacks also had the lowest mean FMI (3.9 kg/m 2 ) level.
Sex and age differences in the three indices are also shown in Figure 1 . Before age 12 y, BMI levels were very similar between boys and girls because the higher (B0.5 kg/m 2 ) FMI of girls (middle panel) was counterbalanced by the higher FFMI of boys (right panel). After age 12 y, the sex difference in FMI was greater than that for FFMI so that girls had slightly higher BMI levels than boys. FMI levels decreased after age 12 y among boys.
BMI, fat mass, and fat-free mass DS Freedman et al BMI, fat mass, and fat-free mass DS Freedman et al Levels of FMI and FFMI are shown for each of the 1196 children in Figure 2 , and the variability (standard deviation) in FFMI was about 40-55% of that for FMI. Among 5-to 8-yold boys, for example, standard deviations were 1.2 kg/m 2 (FFMI) and 2.5 kg/m 2 (FMI). Although overweight children (triangles) had substantially higher levels of FMI than other children, with their data being shifted to the right, they also had higher FFMI levels (data shifted upwards). Various combinations of FMI and FFMI can result in similar BMI levels, and points near the diagonal lines in Figure 2 are children who have a BMI of B20 kg/m 2 . For example, among 9-to 11-y-old boys, there was a 10-y-old with an FMI of 1.6 kg/m 2 and an 11-y-old with an FMI of 6.9 kg/m 2 . However, despite this more than four-fold difference in FMI, the two boys had very similar BMI levels (20.0 and 19.6 kg/m 2 ) because the 5.3 (6.9-1.6) kg/m 2 difference in FMI was counterbalanced by a 5.6 kg/m 2 difference in FFMI. Levels of BMI, FMI, and FFMI were then compared across categories of BMI-for-age (Table 2) . Mean levels are shown for children with a BMI o25th P, and other values represent the difference in mean levels between the lowest BMI category and each of the four higher BMI-for-age categories. Among 5-to 8-y-old boys, for example, the mean BMI among those with levels between the 25th and 49th P's was 15.2 kg/m 2 , a level that was 1.2 kg/m 2 higher than the mean of 14.0 kg/m 2 among boys with a BMI o25th P. This BMI difference was attributable to a 0.2 kg/m 2 difference in mean FMI levels and a 1.0 kg/m 2 difference in mean FFMI levels. Among boys, the differences in FFMI between these two BMI categories (o25th P vs 25-49th P) were similar to or greater than those for FMI. Although differences between the two lowest BMI categories were less consistent among girls, in both sexes, much of the difference in BMI levels among relatively thin children was attributable to FFMI. Differences in FMI were not consistently greater than those for FFMI until the 75th P of BMI was reached, and among overweight (BMI Z95th P) participants, the difference in FMI was 2.5-to 3-fold greater than that for FFMI. Among 15-to 18-y-old girls, for example, those who were overweight had a 11.1 kg/m 2 higher mean FMI and a 4.5 kg/m 2 higher mean FFMI than those who had a BMI o25th P. As shown in Table 3 , BMI levels were more strongly associated with FMI (r ¼ 0.93-0.97) than with FFMI (r ¼ 0.64-0.76). Stratified analyses, however, indicated that these associations varied markedly across the three categories of BMIfor-age. Among 5-to 8-y-old boys who had a BMI o50th P, for example, BMI levels showed little association with FMI 2 ) of BMI levels in this category. However, despite this low variability, BMI levels were strongly associated with FFMI (r ¼ 0.83) among these relatively thin boys. In contrast, among relatively heavy (BMI Z85th P) 5-to 8-y-old boys, BMI was more strongly associated with FMI (r ¼ 0.96) than with FFMI (r ¼ 0.57). Fairly similar differences were seen in other sex and age groups, but the differences in the relation of BMI to FMI across the BMI-for-age categories tended to be more pronounced among boys than among girls. All comparisons for mean levels of FMI and FFMI with those in the BMI o25th P category were statistically significant at the 0.05 level except where noted: *PZ0.05.
a Values represent differences in the mean level of characteristics between the specified BMI-for-age category and the BMI o25th P category. For example, the mean BMI of 5-to 8-y-old boys who had a BMI between the 25th and 49th P was 15.2 kg/m 2 , a value that is 1.2 kg/m 2 higher than in the BMI o25th P category. Pearson correlation coefficients, adjusted for race (four categories) and age, between BMI and the specified characteristic. Sample sizes within categories of sex, age, and BMI-for-age ranged from 38 to 66.
BMI, fat mass, and fat-free mass DS Freedman et al Figure 3 shows the predicted relation of BMI-for-age to kg of fat mass (left panels) and kg of fat-free mass (right panels). These regression models, which in addition to BMI Z-score also included height, race, and various interactions as independent variables, yielded multiple R 2 -values of 0.90 (boys) and 0.92 (girls) for fat mass, and 0.94 (girls) and 0.96 (boys) for fat-free mass. Predicted values of fat mass and fatfree mass are shown for boys and girls, at three heights (the mean heights of 8-, 12-, and 17-y-olds). Among boys (top), levels of fat mass varied only slightly at BMI Z-scores below 1.0 (approximately equal to the 85th P), but increased substantially at higher BMI Z-scores (Po0.001 for nonlinearity). In contrast, the association between BMI and fat-free mass among boys was strongest at BMI Z-scores below 1.0 (right, upper panel). Although the relation of BMI-for-age to fat mass among girls (bottom, left panel) also varied by BMI Z-score, the nonlinearity was less pronounced than among boys. There was no evidence of nonlinearity (P ¼ 0.13) in the association between BMI and fat-free mass among girls.
Discussion
Our results show that the accuracy of BMI as a surrogate measure of adiposity among children varies according to the degree of fatness: BMI performs well among relatively heavy children (eg, BMI-for-age Z85th P) but not among thinner children. We found, for example, that differences in fat-free mass between children with a BMI below the 25th P and those with a BMI between the 25th and 49th P's were frequently larger than were differences in fat mass. Although BMI was strongly associated with FMI among relatively heavy children, among children with a BMI o50th P, the moderate associations between BMI and FFMI were as least as strong as were the associations between BMI and FMI.
Other investigators have reported that the accuracy of BMI as an indicator of obesity among children increases with the level of BMI (relative to sex and age) or %body fat. 11, 14, 18 For example, a study of 2554 schoolchildren 11 reported a correlation of r ¼ 0.58 between BMI and (skinfold derived) %body fat among boys who were relatively fat (upper tertile), whereas there was no association (r ¼ 0.01) among leaner boys. Among boys in the current study, correlations between BMI and FMI ranged from r ¼ 0.85 to 0.96 (BMI Z85th P) vs correlations of r ¼ 0.22 to 0.45 (BMI o50th P). These differences across BMI categories agree with the nonlinearity that we observed between BMI-for-age and fat mass ( Figure 3 ). The shape of these associations indicates that substantial differences in body fatness would be expected only at relatively high levels (eg, Z85th P) of BMI. Figure 3 Predicted levels of fat mass (left panels) and fat-free mass (right panels), by sex, BMI Z-score, and height. The regression models included BMI Z-score, height, race, and interactions (product terms) between race and BMI Z-score, and between race and age. Restricted cubic splines were used to model BMI Z-score and age, and predicted levels are shown for black children at the mean heights of 8-, 12-, and 17-y-olds. A BMI-for-age Z-score of 1.0 is approximately equal to the 85th P, and a Z-score of 1.645 is equal to the 95th P.
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The nonlinear relation of BMI to body fatness may also account, in part, for the differing associations (R 2 ¼ 0.2-0.9) that have been observed across studies. [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] For example, BMI was strongly associated with %body fat (r ¼ 0.83-0.94) among Pima Indian children (whose mean BMI was B5 kg/ m 2 higher than participants in the current study), 16 whereas a correlation of r ¼ 0.46 was observed among adolescent girls with anorexia nervosa (mean BMI ¼ 13.5 kg/m 2 ). 21 In agreement with the sex and age differences in body fatness, it has also been reported that the associations with BMI are stronger among females than among males, 4, 10, 11 and among 7-to 10-y-old boys than among 14-to 16-y-old boys. 13 The variability that we observed in the levels of both fat and fat-free mass emphasizes that the same absolute BMI value can result from various combinations of FMI and FFMI. Variability in both FMI and FFMI has been described in a cross-sectional study of 8-y-olds, 33 and is apparent in the longitudinal changes that occur throughout childhood and adolescence. 34 We also found, as have others, 17, 35, 36 that the similar BMI levels of boys and girls obscures the sex differences in the levels of fat mass (higher among girls) and fat-free mass (higher among boys). Furthermore, whereas the age-related increases in BMI among adults are primarily due to increases in fat mass, 37 our data indicate that the age differences in BMI among boys after age 12 y are almost entirely due to differences in fat-free mass. Other data indicate that longitudinal increases in BMI among children and adolescents are largely attributable to fat-free mass, 17 and it has also been suggested 33 that the 'adiposity rebound' is due to increases in fat-free, rather than fat, mass. Although fat-free mass makes up about 75% (girls) to 80% (boys) of the body weight of children and adolescents, relatively few studies have examined this component of body composition. In part, this is because fat-free mass has typically been expressed in absolute units (kg of fat mass) or as a percentage of body weight. 24 However, the strong association between fat-free mass and height (r ¼ 0.73 in the current study) complicates the interpretation of fat-free mass when expressed in kg. Furthermore, because %fat-free mass is perfectly correlated with %body fat, it provides no additional information on body composition. It has therefore been suggested [22] [23] [24] that kg of fat-free mass and fat mass be standardized for height, in much the same way that weight is standardized for height in BMI. Although the exponent for height in FMI should be greater than 2.0 to minimize the correlation between this index and height, 38 we obtained similar results in analyses that used FMI or height-adjusted (through linear regression) kg of fat mass.
There is a strong (r ¼ 0.95 in the current study) association between FMI and %body fat, and we obtained similar results with both measures (data not shown). However, because BMI is the sum of FMI and FFMI, the use of these indices allows one to assess easily the contribution of fat mass and fat-free mass to a given BMI. For example, as compared with children who had a BMI o25th P, the difference in fat mass of overweight (BMI Z95th P) children was approximately three-fold greater than the difference in fat-free mass (Table 2 ). In contrast, the difference in fat-free mass among children with a BMI between the 25th and 49th P's (vs those with a BMI o25th P) was frequently greater than the fat mass difference. These findings emphasize that BMI comparisons among non-overweight children need to be interpreted carefully as they may be largely due to differences in fatfree mass.
A possible limitation of the current study is that children were recruited between 1995 and 2000 through newspaper advertisements and through announcements at schools and after-school activity centers. Although these participants may not be representative of the general population, we found that their mean levels of weight, height, and BMI differed only slightly from children and adolescents examined in the Bogalusa Heart Study (1992-1994) and NHANES 4 (1999 NHANES 4 ( -2000 . Among white and black children, for example, mean BMI Z-scores were 0.52 (current study), 0.47 (Bogalusa Heart Study), and 0.39 (NHANES 4). In addition, although the strong association that we observed between levels of BMI and FMI among overweight children would likely also apply to obese adults, there are exceptions. 39 For example, the high BMI levels of many athletes are largely attributable to increased fat-free mass.
Our results emphasize the limitations of BMI as a marker of adiposity among non-overweight children and adolescents. Because of the variability in the levels of both fat mass and fat-free mass, and the many combinations of FMI and FFMI that result in the same BMI, this weight-height index needs to be carefully interpreted. Because high levels of BMI-for-age are associated with substantial increases in fat mass, this index is most useful as a measure of obesity. Among relatively thin children (BMI o50th P), BMI differences may be largely due to differences in fat-free mass.
